Abstract: Protrusions and retrusions typically form on recrystallizing boundaries and thus the boundaries often appear rough. Characterization of the boundary roughness is necessary in order to evaluate the effects of protrusions and retrusions on boundary migration. In the current work, a variable termed area integral invariant is employed to provide quantitative information of individual protrusions/retrusions on boundaries surrounding two selected recrystallizing grains in partly recrystallized copper as well as of the overall roughness of the boundaries.
Introduction
During the past few years, in-situ 3-dimensional X-ray diffraction (3DXRD) experiments have been used to observe the growth of recrystallizing grains in the bulk of deformed metals [1, 2] . It has been revealed that the nuclei do not grow in a homogeneous manner with constant moving speed as described in classic models, but occur with variations at the local scale: most boundary segment move in a jerky stop-go mode, with locally large protrusions and retrusions forming and disappearing as the boundary migrates [1, 2] . Exsitu electron backscattered diffraction (EBSD) and electron channeling contrast (ECC) studies of local boundary migration have also revealed similar migration behavior [3] [4] [5] . Quantitative characterizations of local protrusions and retrusions have shown the importance of these local structural variations [4, 5] . Results from phase field simulations of boundary migration during recrystallization have shown that the protrusions and retrusions forming on the migrating boundaries may contribute an additional driving force resulting from the boundary curvature and change the migration kinetics at both the local and global scale [6] . Protrusions and retrusions have been observed in both high-purity metals and alloys, also under different thermal-mechanical processing conditions [7] [8] [9] . For analysis of the effects of protrusions/retrusions on the local boundary migration kinetic or for better knowledge of the effects of macro parameters such as purity of the metal, annealing temperature, deformation strain etc. on the formation of protrusions/retrusions, statistical quantification of protrusions/retrusions on many recrystallization boundaries in partly recrystallized microstructures is required. One or more variables should be developed to describe the characteristics of individual protrusions/retrusions such as wavelength and amplitude as well as the overall roughness of many boundaries in a given sample.
Method to characterize boundary roughness
Efforts have been made in previous studies to provide a quantitative description of protrusions/retrusions. For example, Martorano et al. [10] have used a sinusoidal function to simulate boundary shape in a numerical analysis of growth during recrystallization. Zhang et al. [11] have applied both sinusoidal and polynomial functions to fit experimental data for protrusions/retrusions to calculate the local curvature driving forces. These methods are capable of quantitatively describing individual protrusions/retrusions. However, they are based on manual selections and are not suitable for statistical quantification of many protrusions/retrusions on a number of boundaries in a sample. Fractal analysis has been used in characterizing irregular and rough morphological features in the microstructure of materials [12, 13] , since Mandelbrot made the correlation between the calculated fractal dimension of fracture surfaces and the impact energy for metals [14] . Whereas it is clear that neither fracture surfaces nor recrystallizing grain boundaries follow self-similarity which is the basis for obtaining fractal dimensions, analysis based on the fractal methods may be useful for characterization of recrystallizing boundaries as described in our previous work [15] . In the present work, a fully automatic method is presented and used to quantify the roughness of the boundaries surrounding two selected grains in a partly recrystallized copper sample. The same two grains were previously characterized using fractal analysis [15] , however the new method presented here provides a significantly clearer description and is suitable for statistical quantification. The area integral invariant (AII) is one of the integral invariants used in the digital image computing discipline for applications such as shape matching, geometry processing etc. [16, 17] . In the current study, AII is modified to be a variable to quantify the boundary morphology. The method is schematically shown in figure 1: AII works by drawing a circle with a specified radius, termed sampling radius, and with the center of the circle placed on the boundary. Then the area of the circle is separated into two parts, the part within the recrystallized grain (marked as red in figure 1 ) and the other part within the deformed structure. The AII at a position is calculated with a specified sampling radius as:
A number with a value between 0 and 1 is obtained: AII smaller than 0.5 indicates a protrusion at that position, and the smaller the value, the sharper is the protrusion; conversely for a retrusion; AII equals 0.5 for planar boundaries.
By measuring AII with a specified sampling radius along the boundary, a distribution of AII values for the whole boundary can be obtained and further statistical analysis can be done to characterize the roughness of the boundary. Several roughness parameters are further developed based on the distribution of AII to characterize various aspects of the boundary roughness (see table 1 ). The roughness of the boundary can be defined as the deviation of AII values from 0.5. As shown in table 1, the boundary roughness Ra is therefore calculated very similarly to the descriptive statistical parameter "coefficient of variation" but replacing the mean value with 0.5. Lboundary is the total length of the boundary calculated by counting the pixels forming the boundary. Using a similar calculation process for only the AII data for protrusions or retrusions, the protrusion and retrusion roughness can be obtained as Rp and Rr, respectively. The Lp and Lr in the equation represent the length of boundary segments that are composed of pixels with AII < 0.5 (AIIp) and AII > 0.5 (AIIr), respectively. The Range is calculated as the difference between the maximum and minimum AII values. Finally the fraction of protrusions/retrusions is calculated as the total number of AII values that are 
Experimental materials and boundary measurement
Two cube oriented grains in partly recrystallized microstructures are investigated. Both grains are from oxygen free high conductivity (OFHC) copper (99.9% purity) cold rolled to 90% reduction and annealed for 60 minutes at 150 °C. The EBSD images for both grains are shown in figure 2 as well as the boundaries of the grains after image processing with the interior twin boundaries removed. The two grains are designated as CuSC1 and CuSC2. 
Visual inspection indicates that both CuSC1 and CuSC2 have rough boundaries, with protrusions and retrusions of various sizes formed on the boundaries. However, CuSC1 appears more irregular than CuSC2 as CuSC1 has some narrow branch-like features, whilst CuSC2 can be simply described as an elongated grain with some smaller protrusions/retrusions on the boundary.
The EBSD mapping was conducted using a step size of 0.1 μm, implying that 1 pixel in the EBSD maps corresponds to 0.1 μm. The sampling radius for calculating the AII determines the length scale of the rough features to be characterized, and the calculation is using pixel as unit in the digital image. So the correlation between the physical length in μm and the length in the digital image measured by pixels should be clarified. The rough features with a small length scale on the boundary require small sampling radius. But if the sampling radius is smaller than 20 pixels, the error from pixelization of drawing the circles would be significant. To reduce this error, the original images have been enlarged by a factor of two using the MATLAB image processing toolbox, i.e.1 pixel in the new images corresponds to the physical length of 0.05 μm. The features on the boundary are preserved during this image-resize processing. As mentioned above, sampling radius no smaller than 20 pixels is then used to calculate AII with the new images. The boundaries used for calculation of AII are 1 pixel wide and pixels on the boundaries are connected with 4-neighbor connectivity. The AII was calculated for both CuSC1 and CuSC2 at each pixel position along the boundaries using multiple sampling radii. In the following text, most results are obtained with a sampling radius of 40 pixels, corresponding to a physical length of 2 μm.
Results and discussion
Histograms of AII calculated for both CuSC1 and CuSC2 using sampling radius of 40 pixels (2 μm) are shown in figure 3 . Both distributions show a clear peak at 0.5, which means that a major fraction of the two boundaries are relatively smooth at this length scale. The protrusions are revealed as the left tail of the distribution and the retrusions as the right. It is clear that the tails of the distribution are longer and bigger on both sides for CuSC1 than for CuSC2, which indicates that the rough features for CuSC1 are more prevalent than for CuSC2. Both distributions are not symmetric, and have longer tails on the retrusion side. Larger retrusions than protrusions on a boundary have been observed from both experimental data and simulation [4, 6, 11] . The simulation has shown that in such a case the overall boundary migration rate can be affected [6] . Therefore the present asymmetry in the AII distribution shall be analyzed in more detail, for one protrusion and one retrusion with exactly the same morphology, AIIr = 1 -AIIp. Thus the distribution of 1 -AIIp could be directly compared with the distribution of AIIr. This comparison for CuSC1 and CuSC2 is shown in figure 4 . For both boundaries, the tails of AIIr distribution are longer than those of (1 -AIIp), implying that retrusions are sharper than protrusions and there are more sharp-retrusions than protrusions on both boundaries. More values of (1 -AIIp) closer to 0.5 on both boundaries indicate that at the applied sampling scale the protrusions are "smoother" than retrusions. 
The roughness parameters calculated based on the AII values shown in figure 3 for CuSC1 and CuSC2 are listed in table 2. The roughness parameters allow a direct quantitative comparison between the two boundaries from various perspectives. For all the roughness parameters listed, CuSC1 has larger values than CuSC2, which implies that on all aspects considered here, on the sampling scale of 40 pixels (2 µm), boundary CuSC1 is rougher than CuSC2. Also for both CuSC1 and CuSC2, the Rp values are smaller than Rr, consistent with the analysis above. To investigate if the roughness of CuSC1 and CuSC2 also differs on other length scales, roughness parameters are calculated with a sampling radius from 20 pixels (1 μm) to 250 pixels (12.5 μm). The results are shown in figure 5 . It can be seen from figure 5(a) that at each length scale investigated, the boundary roughness Ra of CuSC1 is larger than that of CuSC2 and the difference increases at a larger length scale. With the increasing sampling radius, the boundary roughness of CuSC1 increases continually. This is because protrusions/retrusions of larger sizes are revealed with a larger sampling radius. While for CuSC2, Ra reaches a local maximum at about 50 pixels (2.5 μm), which means the largest protrusions/retrusions are mostly around this length scale. Referring to the morphology of CuSC2 ( figure 2(d) ), the protrusions/retrusions observable on the top and bottom parts of the boundary are approximately around this scale. Ra of CuSC2 starts to increase again with sampling radius larger than 150 pixels (7.5 μm), as both ends of the elongated grains are then tracked as protrusions by the AII calculation. The roughness variation considering only protrusions or retrusions is shown in figure 5(b) . As discussed above at the sampling radius of 40 pixels (2 μm), the protrusions are "smoother" than retrusions. While with increasing sampling radius, the protrusions become the dominant rough features. As shown in figure 5(b) , for CuSC1 Rp become larger than the Rr with a sampling radius above 140 pixels (7 μm), also for CuSC2, Rp exceeds Rr with the sampling radius above 120 pixels (6 μm). The reason why Rp is higher for CuSC1 than CuSC2 at sampling radii above 50 pixels (2.5 μm) is that there are on CuSC1 several large branch-like features that have a scale larger than 2.5 µm on this boundary. It can also be observed that the retrusion roughness of CuSC2 (red circle) has a peak at a sampling radius of 60 pixels (3 μm), followed by a rapid decrease with increasing sampling radius, which leads to the observed local maximum in figure 5(a) . While for CuSC1, the retrusion roughness is relatively steady, with a moderate peak at a sampling radius of 90 pixels (4.5 μm). The three calculated roughness parameters all demonstrate that CuSC1 is more irregular than CuSC2 at the length scales investigated. The visual difference of morphology and irregularity of the two grains as shown in figure 2 is clearly revealed from the roughness parameters. And this result corresponds well with the results obtained from previous work of boundary fractal analysis [15] . The EBSD images used for the current study were taken from the RD-ND plane for both specimens. Since in reality the recrystallizing boundaries are rough surfaces, one might wonder whether the characterization of protrusions/retrusions from a 2-dimensional image would represent the characteristics of real 3-dimensional structures. This of course cannot be verified for the present data, however, an 3-dimensional characterization of the recrystallizing boundaries in partly recrystallized aluminum has revealed the protrusions/retrusions appeared as ridges prolonged along TD [18] , so the 2D microstructural characterization well indicates the rough features of the recrystallizing boundary.
Conclusions and outlook
A method is developed to quantitatively characterize the roughness of recrystallizing boundaries in partly recrystallized microstructures. Using the area integral invariant (AII) as a variable to obtain morphological information of the boundary, several parameters are calculated to quantify the boundary roughness. The potentials of these parameters in characterizing roughness are evaluated by comparing two copper grains with large visual differences in irregularity. It is found that:
(1) The visual impression of the grain CuSC1 being much more irregular than CuSC2 is quantified by the AII and the therefrom calculated roughness parameters; (2) The roughness parameters are well suited to quantify possible differences in curvatures of the protrusions and retrusions. For the two grains investigated in the present work, it is statistically documented that larger curvatures exist at retrusions than at protrusions. This is important for the overall migration rate; (3) By changing the sampling radii when measuring the AII it is possible to get information on the size distribution of both protrusions and retrusions.
Future efforts will be on further standardization of the method for boundary roughness quantification, and using this method to analyze the effects of protrusions/retrusions on boundary migration kinetics. Also the factors influencing the roughness of recrystallization boundary will be investigated.
